Cyanobacteria, which constitute one of the largest taxonomic groups of eubacteria, perform oxygenic photosynthesis similar to higher plants and algae.
important in these aspects of cell physiology which are unrelated to nitrogen availability.
In the present study, we investigated the targets of the regulatory function of SigE in Synechocystis sp. PCC 6803 and found that this sigma factor plays an important role in regulation of sugar catabolic pathways. were selected, and isolation of a single colony was repeated three times. The disruption of sigE was confirmed by PCR with specific primers (Table   SI) and also by immunoblot analysis with specific antiserum. The hik8 mutant was as described (23). Three biologically independent microarray experiments were performed and similar results were obtained.
EXPERIMENTAL PROCEDURES

Isolation of RNA and microarray analysis-Cells
Northern blot analysis-Total RNA was extracted using the same method as for microarray analysis, and Northern blot analysis was performed as described (26). Gene-specific probes were constructed with specific primers (Table SI) and Synechocystis genomic DNA as template (27). (Table SI) and cloned into pET21b (Novagen) with the use of To compare the transcriptomes of GT and G50, we extracted total RNA from both strains cultured under the normal growth condition and processed it for microarray analysis with a gene chip including fragments of cyanobacterial ORF (Fig. 1D ). Of the 3,076 genes represented on the array, the expression level of 67 genes was reduced over two-fold by the sigE mutation (Table   SII ). The down-regulated genes included several genes whose products contribute to sugar catabolism, including enzymes that participate in glycolysis, the oxidative pentose phosphate (OPP) pathway, or glycogen breakdown (Table I) . These results thus suggest that the expression of these genes is dependent on SigE.
Assay of glucose uptake-Cells
Positive regulation of glycolysis by SigE-The
genes whose expression was reduced by the sigE mutation and whose products contribute to glycolysis included those for phosphofructokinase [pfkA (sll1196)], glyceraldehyde-3-phosphate dehydrogenase (gap1), and pyruvate kinase (pyk1) ( Table I ). Northern hybridization confirmed that the abundance of transcripts of these three genes was reduced in G50 cells under the normal growth condition ( Fig Given that sugar catabolism is especially important in the absence of light, we also examined the effects of a shift from light to dark on the amounts of the transcripts of these three genes. Northern blot analysis revealed that, for GT cells, the abundance of pyk1 transcripts was increased slightly, whereas that of pfkA (sll1196) and gap1 transcripts remained unchanged 1 h after the dark shift. However, the amount of pyk1 transcripts was decreased slightly and that of pfkA (sll1196) and gap1 transcripts was reduced markedly after 4 h ( Fig. 2A) . Consistent with a role for SigE in regulation of the expression of these genes, in G50, although a slight induction of pyk1 expression was observed after the dark shift, the transcript levels of all three genes remained reduced compared with those in the wild-type ( Fig.   2A ).
Positive regulation of the OPP pathway by
SigE-Microarray analysis suggested that transcription of OPP pathway genes was reduced by the sigE mutation (Table I) . Northern blot analysis confirmed that both under the normal growth condition and after the dark shift the abundance of transcripts derived from gnd (which encodes 6PGD, a key enzyme of the OPP pathway) and those derived from tal (which encodes transaldolase, another enzyme of the OPP pathway) was greatly reduced in G50 cells compared with GT cells (Fig. 2B ). The amounts of transcripts derived from zwf (which encodes G6PD, another key enzyme of the OPP pathway)
and from opcA (which encodes a protein that is conserved only among cyanobacteria and is required for oligomerization of G6PD) were also reduced by the sigE mutation under both light and dark conditions (Fig. 2B) . Consistent with these differences in transcript levels, the activities of both G6PD and 6PGD were decreased by the sigE mutation under the normal growth condition and after the dark shift (Fig. 2, C and D) . In GT cells, the enhancement in the activities of these enzymes 4 h after dark shift was also reduced (G6PD) or actually reversed by the sigE mutation (Fig. 2, C and D). These results thus indicate that metabolic flux through the OPP pathway is down-regulated in G50 cells.
Reduced rate of glucose uptake in the sigE
mutant-Current observations indicate that glycolysis and the OPP pathway are positively regulated by SigE, suggesting that the rate of glucose catabolism might be reduced by the sigE mutation. To examine this possibility, we cultured GT and G50 in medium supplemented with glucose and measured the rate of glucose uptake by the cells. As predicted, in comparison to wildtype, the rate of glucose uptake in G50 cells was reduced (by~20 to 30%) (Fig. 3) , suggesting that the rate of glucose catabolism is indeed reduced by the sigE mutation.
Positive regulation of glycogen catabolism by
SigE-Microarray analysis suggested that the abundance of transcripts derived from the genes for glycogen isoamylase [glgX (slr0237)] and glycogen phosphorylase [glgP (sll1356)] were reduced by the sigE mutation (Table I) (Fig. 4A) . The sigE deficiency did not markedly affect the levels of glgX (slr1857) and glgP (slr1367) transcripts under the normal growth condition. However, the amount of glgP (slr1367) transcripts in the dark condition was reduced in G50 compared with that in GT (Fig. 4A) . We further examined whether these effects of the sigE mutation resulted in a difference in the extent of glycogen accumulation between GT and G50 cells. Under the normal growth condition, the amount of glycogen in G50
was greater than that in GT (Fig. 4B) . Transfer of both strains to the dark resulted in reduction in the amount of glycogen. However, the rate of glycogen utilization was reduced by~10 to 20% in the sigE mutant (Fig. 4B) . These results indicated that glycogen catabolism was reduced by the sigE mutation.
Impaired heterotrophic growth and dark
survival of the sigE mutant-Finally, we examined G50 for phenotypes related to sugar catabolism.
GT and G50 cells were grown to mid-logarithmic phase, and serial dilutions of the cultures were then spotted onto plates supplemented with 5 mM glucose and were incubated under the LAHG condition. In contrast to GT cells, G50 cells were incapable of proliferation under this condition (Fig.   5A ). We also compared the abilities of the two strains to survive in the dark by spotting them onto plates supplemented with glucose as for the LAHG condition and then incubating them in darkness for 4 days. The cells were then exposed to light and their growth was monitored. The appearance of visible colonies was markedly delayed by the sigE mutation (Fig. 5B ). Although it is unclear whether this effect of the mutation was due to a loss of cell viability or to lengthening of the latent growth period, both phenotypes are consistent with the defect in sugar catabolism in G50 cells.
Regulatory relationship between SigE and
Hik8-Very recently, it has been reported that a histidine kinase Hik8 (Sll0750) positively regulates the expression of sugar catabolic and anabolic genes in Synechocystis sp. PCC 6803 (32).
They also showed that transcript levels of cph1
[encoding a cyanobacterial phytochrome (slr0473)] and rcp1 [encoding a response regulator cotranscribed with cph1 (slr0474)] were decreased by the hik8 disruption (32). In the current investigation, microarray analysis also suggested the SigE dependence of these gene expressions (Table SII) , which was further confirmed by Northern hybridization analysis (Fig. 6A) . Since target genes of Hik8 were partially identical to those of SigE, we examined the regulatory relationship between SigE and Hik8. The result of microarray analysis indicated that the hik8 transcript levels were almost identical in GT and G50 cells [Expression ratio (G50/GT) was 0.976; 
DISCUSSION
In the current investigation, microarray and
Northern analyses have revealed that the abundance of transcripts derived from genes important for glycolysis, the OPP pathway, and glycogen catabolism is decreased in a sigE mutant (G50) of Synechocystis sp. PCC 6803 (Fig. 7) .
Furthermore, the rate of glucose utilization was showing that expression of these sugar catabolic genes is dependent on SigE.
In this study, we additionally analyzed the regulatory position of Hik8 that was recently shown to be involved in the activation of common genes with SigE (32). Hik8 is an ortholog of SasA of Synechococcus sp. PCC7942 that is essential to sustain the robust circadian oscillation (32, 38).
Considering the circadian oscillation of SigE and corresponding target genes, we suspected some regulatory interactions between SigE and Hik8. It was speculated that SigE regulates Hik8 or vice versa. However, this was not the case (Fig. 6B ), and the relationship was summarized in Fig. 8 .
Further analysis should be required to clarify the regulatory circuits.
SigE was first recognized as a nitrogenregulated sigma factor, and its expression was and hik8 mutant cells were grown at normal growth condition and proteins were obtained by disrupting the cells by sonication. Total protein (5 μg) was subjected to immunoblotting with antiserum to SigE. Fig. 7 . Glycolysis, gluconeogenesis, the OPP pathway, and glycogen metabolism in Synechocystis. The depicted scheme was predicted from the data in reference (35) and the KEGG database (http://www.genome.jp/kegg/pathway.html). Genes whose transcripts were reduced in abundance by the sigE mutation are shown in bold. The asterisk indicates that the effect of the sigE mutation on the expression of slr1367 was apparent only after a dark shift. Data represent the ratio of the transcript level in G50 to that in wild-type cells. The array included at least two spots for each ORF. Values shown are means ± SD of data from four to six spots, with the exception of that indicated by the asterisk, which is the average of only two spots (four spots were under the threshold value for detection).
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